Signaling through vertebrate Hedgehog (Hh) proteins depends on the primary cilium. In response to Hh signals, the transcriptional activator of the pathway, Gli2, accumulates at the ciliary tip, raising the possibility that ciliary localization is important for Gli2 activation. To test this hypothesis, we used the Floxin system to create knock-in Gli2 alleles in embryonic stem cells (ESCs) that methodically tested which domains and residues are essential for Gli2 ciliary localization. The Gli2 zinc fingers, transcription activation domain, repressor domain, the phosphorylation cluster and a Sufu binding motif were each dispensable for ciliary localization. Mutating residues required for Gli2 sumoylation and nuclear trafficking also did not abrogate ciliary localization. In contrast, several other domains restrict Gli2 nuclear localization, and a central region, distinct from previously characterized domains, was required for ciliary localization. In addition from an inability to localize to cilia, Gli2 lacking this central domain was unable to activate target genes. Thus, our systematic analysis in ESCs reveals that distinct regions of Gli2 regulate its nuclear and ciliary localization. The identification of a domain essential for both ciliary localization and transcriptional activity suggests that ciliary localization of Gli2 is required for its activation.
INTRODUCTION
Hh signaling plays critical roles in embryonic patterning and adult tissue homeostasis (Ingham et al., 2011) . Misregulation of Hh signaling can cause congenital defects, such as holoprosencephaly, and cancers, including basal cell carcinoma and medulloblastoma (McMahon et al., 2003; Pasca di Magliano and Hebrok, 2003) . In the absence of Hh ligand, the Hh receptor, Patched1 (Ptch1), inhibits the activity and Gli2A is the predominant activator Hui and Angers, 2011; Mo et al., 1997; Motoyama et al., 1998) . Ultimately, the transcriptional output of Hh signaling is determined by the relative activity of GliR and GliA (Eggenschwiler and Anderson, 2007) .
Intriguingly, vertebrate Hh signaling requires the primary cilium, a microtubule-based organelle that projects from the surface of most cells (Goetz and Anderson, 2010) . Mice lacking functional cilia display tissue patterning defects attributable to the loss of both GliR and GliA (Huangfu and Anderson, 2005; Huangfu et al., 2003; Liu et al., 2005) . Underscoring the link between primary cilia and Hh signaling, several components of the pathway localize to the cilium. Both Ptch1 and Smo localize in a ligand-dependent manner, with Ptch1 exiting and Smo entering the cilium in the presence of Hh (Corbit et al., 2005; Rohatgi et al., 2007) . Moreover, mutant forms of Smo that fail to localize to the cilium cannot activate the pathway, strongly suggesting that Smo functions at the cilium (Aanstad et al., 2009; Corbit et al., 2005) . Thus, the cilium is proposed to be a specialized sub-cellular site that coordinates Hh signal transduction.
The Gli proteins also localize to the cilium in a partially Hh-dependent manner; in the absence of Hh ligand, Gli proteins are present at the ciliary tip, but accumulate there in response to Hh stimulation (Haycraft et al., 2005; Kim et al., 2009; Wen et al., 2010; Zeng et al., 2010) . While it is clear that the cilium is required for GliA activity and Gli3 processing, it is not clear whether Gli localization to the cilium is essential for this regulation.
In vertebrates, the three Gli proteins, Gli1, Gli2 and Gli3, share conserved C2H2-type zinc fingers that bind target DNA (Kinzler et al., 1988 ). Gli2 and Gli3 possess an amino-terminal repressor domain and a carboxy-terminal activator domain which contribute to their bi-functionality (Sasaki et al., 1999) . The activator domain of Gli3 is cleaved to create Gli3R through a process enhanced by protein kinase A (PKA) phosphorylation and a processing determinant domain (PDD), a region of approximately 200 residues that controls the proteolytic processing of Gli2 and Gli3 (Pan et al., 2006; Pan and Wang, 2007; Tempe et al., 2006; Wang and Li, 2006) . Compared to Gli3, a smaller fraction of Gli2 is processed, perhaps because Gli2 is degraded in response to PKA-promoted ubiquitinylation by SCF
βTRCP/Slimb
Proteins that regulate Gli transcriptional activity also localize to cilia or its foundation, the basal body.
PKA localizes to the basal body (Barzi et al., 2010; Tuson et al., 2011) and promotes the processing of Gli3 and the degradation of Gli2. Mice lacking PKA activity exhibit excess activation of Hh signal transduction in the neural tube, indicative of increased GliA activity. Loss of PKA increases the number of cilia exhibiting Gli2 localization, whereas activating PKA by forskolin reduces Gli2 ciliary localization (Tukachinsky et al., 2010; Tuson et al., 2011; Zeng et al., 2010) . Thus, PKA inhibits Gli2 translocation to the cilium and restrains its transcriptional activity (Tuson et al., 2011) . Gli2 alleles bearing either phospho-mimetic or phospho-dead residues at conserved PKA phosphorylation sites, however, retain their ability to enter the cilium and are sensitive to PKA activation by forskolin, suggesting that PKA regulates Gli2 ciliary localization independently of these sites (Zeng et al., 2010) .
Sufu, a negative regulator of Gli transcriptional activation, localizes to the primary cilium in a Glidependent manner (Haycraft et al., 2005; Zeng et al., 2010) . Sufu can bind to Gli1 at two sites, one of which, the SYGH motif, is conserved among all three Gli proteins (Dunaeva et al., 2003) . Sufu negatively regulates the Gli proteins by tethering them to the cytoplasm and suppressing Gli transcriptional activity in the nucleus (Barnfield et al., 2005; Chen et al., 2009; Cheng and Bishop, 2002; Ding et al., 1999; Dunaeva et al., 2003; Kogerman et al., 1999; Merchant et al., 2004) . Hh promotes the dissociation of Sufu from full length Gli2 and Gli3 (Humke et al., 2010; Tukachinsky et al., 2010) , and upon release, GliA can enter the nucleus to control the transcriptional outcome of Hh target genes. Hhmediated dissociation does not occur in cells either lacking cilia or with activated PKA, suggesting that the dissociation of Sufu-Gli complexes occurs at the cilium in response to PKA inactivation (Humke et al., 2010; Tukachinsky et al., 2010) .
Many questions about how Gli proteins are activated remain, including how they are trafficked into the cilium, how they accumulate upon Hh stimulation, and how they move from the cilium to the nucleus.
Moreover, it remains unclear if PKA inactivation and dissociation from Sufu occur at the primary cilium or if other ciliary events are required for Gli activation and nuclear entry. With these questions in mind, we sought to further define the mechanisms that control the subcellular localization Gli2, and how the control of subcellular localization, in turn, regulates Gli2 activity.
In this study, we used an efficient knock-in approach called the Floxin system to genetically tailor the Gli2 locus in mouse ESCs (Singla et al., 2010) . We created a panel of GFP-tagged Gli2 alleles that systematically delete or modify domains or residues implicated in its function. We found several Gli2 accumulates at the ciliary tip upon Hh stimulation in mouse embryonic fibroblasts Wen et al., 2010) . Therefore, we ascertained whether Gli2-GFP displayed similar accumulation in
Gli2
Gli2-GFP/+ ESCs by measuring the percentage of cells exhibiting GFP at cilia, as well as the pixel intensity of ciliary GFP with and without stimulation with SAG, a Smo agonist (Chen et al., 2002; Wen et al., 2010) . In response to SAG, Gli2 Gli2-GFP/+ cells differentiated by withdrawing LIF exhibited increased prevalence of GFP ciliary localization and a higher percentage of high pixel intensity ciliary GFP (Fig 1d,e) 
Processed forms of Gli2 do not localize to the cilium
Like Gli3, Gli2 can be proteolytically processed to generate an amino-terminal fragment of approximately 78kDa, termed Gli2-78 (Pan et al., 2006 ). Gli2-78 can repress the expression of Hh target genes, presumably because it lacks the carboxy-terminal transcriptional activation domain but retains the amino-terminal repressor domain and DNA-binding zinc fingers (Sasaki et al., 1999) .
Because processed Gli3 fails to localize to cilia (Wen et al., 2010) , we investigated whether localizes to cilia. Using the Floxin system, we inserted the exons downstream of the gene trap to the approximate processing site in frame with a carboxy-terminal GFP tag (Pan et al., 2006) . Unlike full length Gli2-GFP but similar to processed Gli3, Gli2-78-GFP did not localize to the ciliary tip (Fig 2a) .
Instead, Gli2-78-GFP showed increased localization to the nucleus (Fig 2b) . This observation suggests that the repressor form of Gli2 is targeted to the nucleus, and the Gli2 carboxy terminus both inhibits nuclear localization and is required for ciliary localization. Immunoblot indicated that Gli2-78-GFP levels are comparable to those of full length Gli2-GFP (Fig 2c) .
In addition to full length Gli2-GFP, GFP immunoprecipitation from Gli2 Gli2-GFP/+ ESC lysate revealed a faster migrating peptide that is consistent with being the carboxy-terminal by-product of Gli2 processing, referred to as . No similarly sized peptide immunoprecipitated with Sufu, however, suggesting that Gli2-110 does not interact with Sufu (Supp 3a). To create a Gli2 allele that produces a GFP-tagged equivalent to , we used the Floxin system to insert at the Gli2 locus the exons downstream of the approximate processing site in frame with GFP. Like
Gli2-78-GFP, Gli2-110-GFP did not localize to cilia (Fig 2a) . Gli2-110-GFP levels were lower than those of wild type Gli2-GFP, despite comparable mRNA levels, suggesting that Gli2-110 is destabilized as compared to full length Gli2 or Gli2-78 (Fig 2c; Supp 3b) . The instability of Gli2-110-GFP may reflect the ability of Gli2 carboxy-terminus to bind multiple E3 ligases, including SCF βTRCP/Slimb , SPOPCul3, and Numb/Itch (Bhatia et al., 2006; Chen et al., 2009; Di Marcotullio et al., 2006; Zhang et al., 2009 ).
Neither Gli2-78-GFP nor Gli2-110-GFP robustly interacted with Sufu, suggesting that Sufu preferentially binds full length Gli2 (Fig 2c) . These data are similar to Gli3 and are consistent with the model that processed forms of Gli are not blocked by Sufu from entering the nucleus (Humke et al., 2010; Tukachinsky et al., 2010) .
The activator, repressor and DNA-binding domains of Gli2 are dispensable for ciliary localization
As processed forms of Gli2 failed to localize to the cilium, we investigated which domains of Gli2 are required for ciliary localization. We initially examined the previously defined functional domains of Gli2: the transcriptional repressor domain, the activator domain, and the DNA-binding domain (Supp 2d). To examine whether these domains are required for ciliary localization, we used Floxin to knock in GFP fusions with Gli2 that lack the amino-terminal transcriptional repressor domain (Gli2ΔRep-GFP; lacking amino acids 47-271) or the carboxy-terminal activation domain (Gli2ΔAct-GFP; lacking amino acids 1184-1544) (Sasaki et al., 1999) . We similarly knocked in an allele that encodes Gli2 lacking the five zinc fingers necessary for DNA binding (Gli2ΔZF-GFP; lacking amino acids 417-569) (Pavletich and Pabo, 1993). Gli2ΔRep-GFP, Gli2ΔAct-GFP and Gli2ΔZF-GFP were all present in the same proportion of cilia as full length Gli2-GFP (Fig 2a, 2d) . However, Gli2ΔRep-GFP displayed significantly lower ciliary GFP intensity than wild type Gli2-GFP, suggesting that the repressor domain promotes Gli2 ciliary localization (Fig 2d) . Both Gli2ΔRep-GFP and Gli2ΔAct-GFP also displayed increased nuclear localization relative to full length Gli2, similar to Gli2-78-GFP, indicating that the repressor and activator domains independently inhibit nuclear import or retention (Fig 2b) . Thus, while the processed forms of Gli2, Gli-78-GFP and Gli2-110-GFP, failed to translocate to the cilium, neither the amino-terminal repressor, nor the carboxy-terminal activator region, nor the central zinc fingers themselves were essential for ciliary localization.
Sufu interaction, PKA phosphorylation and sumoylation are not required for Gli2 ciliary localization
Between the repressor and activator domains, Gli2 contains a SYGH motif that interacts with Sufu and a phosphorylation cluster (PC) that includes residues phosphorylated by PKA, GSK3β and CKI (Bhatia et al., 2006; Dunaeva et al., 2003; Pan et al., 2006) . Phosphorylation of the PC promotes the degradation of Gli2 by SCF βTRCP/Slimb and enhances sumoylation, a post-translational modification that inhibits Gli2 transcriptional activity (Bhatia et al., 2006; Cox et al., 2010; Han et al., 2012; Pan et al., 2006) . Two putative sumoylation sites flank each end of the zinc finger domain (Cox et al., 2010) . As Gli activation is postulated to involve dissociation from Sufu, inhibition of PKA phosphorylation and sumoylation, we used Floxin to knock in alleles that encode Gli2 lacking the SYGH motif, lacking the phosphorylation cluster, or substituting arginines for the four putatively sumoylatable lysines (Supp 2d). We tested whether these domains and residues regulate Gli2 ciliary localization.
Gli2ΔSYGH-GFP (lacking amino acids 268-271) localized to a similar proportion of cilia as full length
Gli2-GFP, albeit with reduced intensity potentially attributable to lower protein levels (Fig 3a,3d ).
These data are consistent with previous studies that show that Sufu is not required for the ciliary localization of Gli2 and that Sufu stabilizes Gli2 (Chen et al., 2009; Tukachinsky et al., 2010) .
Gli2ΔSYGH-GFP also showed enriched localization to the nucleus (Fig 3c, Supp 3c ), consistent with a role for Sufu in preventing the nuclear entry of Gli2 (Ding et al., 1999; Kogerman et al., 1999) . Despite being enriched in the nucleus, expression of Gli2ΔSYGH-GFP did not misactivate Hh transcriptional targets, in marked contrast to expression of Gli2ΔRep-GFP (Supp 3d).
Deletion of the SYGH motif did not prevent Gli2 from interacting with Sufu; Gli2ΔSYGH-GFP immunoprecipitated Sufu and Sufu reciprocally immunoprecipitated Gli2ΔSYGH-GFP (Fig 3d) . As
Gli2-GFP does not immunoprecipitate Gli2, homotypic Gli2 interactions do not account for SYGHindependent interaction with Sufu (Fig 1a) , indicating that the SYGH motif does not mediate all of the interaction of Gli2 with Sufu. Gli2ΔSYGH-GFP interacted with Sufu in both cytoplasmic and nuclear fractions (Supp 3c). Apart from its SYGH motif, Gli1 interacts with Sufu through a carboxy-terminal domain (Merchant et al., 2004) . Our findings reveal that Gli2, like Gli1, interacts with Sufu through multiple domains, and that the SYGH binding site is important for nuclear exclusion and stabilization of Gli2.
Gli2ΔPC-GFP (lacking amino acids 767-852) was present in the same proportion of cilia as full length Gli2-GFP and activates Hh transcription targets similarly to wild type Gli2 (Fig 3a, 3b , Supp 3d).
However, we observed diminished amounts of ciliary Gli2ΔPC-GFP, suggesting that this region promotes the efficient localization of Gli2 to the cilium. Given that phospho-dead and phospho-mimetic substitution of PKA sites do not affect the ability of Gli2 to reach the cilium (Tuson et al., 2011; Zeng et al., 2010) , but loss of the PC does, phosphorylation by other kinases, such as CKI and GSK3, may promote Gli2 ciliary localization.
As Gli2 can be sumoylated in vitro (Cox et al., 2010; Lee et al., 2011) (Supp 3e), we substituted each of the four putatively sumoylatable lysines with unsumoylatable arginines to create Gli2K>R-GFP (Gli2K375R, K398R, K630R, K716R-GFP). Gli2K>R-GFP possessed similar ciliary localization to full length Gli2-GFP, retained its ability to interact with Sufu and was not highly enriched in the nucleus (Fig 3a, 3b,3e ). Consistent with previous findings, Gli2 containing individual K>R substitutions displayed greater transcriptional activity than wild-type Gli2, and multiple mutations increased this hyperactivity (Han et al., 2012 ) (Supp 3e). Thus, our data suggest that the increased activity seen in Gli2K>R-GFP is independent of altered Sufu interaction, ciliary localization, or nuclear accumulation.
We did not detect any of several Sumo pathway components at or near the primary cilium, including Sumo1-3, desumoylation proteases Senp2, 3, 5 or the E3 Sumo ligase Pias (data not included), although the E2 Sumo-conjugating enzyme Ubc-9 localizes to cilia in C. elegans when fused to GFP (Li et al., 2012) . Thus, sumoylation may be a repressive post-translational modification that limits Gli2 transcriptional activity.
Nuclear import signals do not mediate Gli2 ciliary entry, but nuclear export signals may play a role in

Gli2 ciliary exit
Recent studies have revealed that the mechanism of ciliary import of Kif17 and RP2 shares similarities with that of nuclear import (Dishinger et al., 2010; Hurd et al.) . Because nuclear localization signal-like sequences within Kif17 and RP2 promote ciliary localization through interaction with importins, we examined if putative nuclear localization signals (NLSs) were also involved in Gli2 entry into the cilium. Similarly, we examined if putative leucine-rich nuclear export signals (NES) affected Gli2 exit from the cilium (Supp 2d).
We used Floxin to knock in alleles that encode Gli2 lacking a previously described NLS or several predicted NESs fused to GFP (Gli2ΔNLS-GFP, lacking amino acids 715-725; Gli2ΔNES-GFP, lacking amino acids 229-241; 887-895; 1037-1051) . While the percentages of cells displaying ciliary localization were not altered, Gli2ΔNES-GFP cells exhibited an increase in the intensity of ciliary GFP compared to full length Gli2-GFP (Fig 4a, 4b) . Notably, Gli2ΔNES-GFP did not exhibit enriched nuclear localization, suggesting that these predicted NESs are not required for Gli2 nuclear export.
To further test whether ciliary exit of Gli2 may function similarly to nuclear export, we treated differentiated Gli2-GFP ESCs and fibroblasts with leptomycin B, an inhibitor of Exportin1. We found that similar to Hh stimulation, leptomycin B treatment led to increased pixel intensity of Gli2-GFP and endogenous Gli2 at the ciliary tip, as well as a subtle increase in nuclear Gli2-GFP (Fig 4c, 4d) .
siRNA-mediated inhibition of Exportin1 increased ciliary Gli2 to a varied degree depending on the siRNA construct, suggesting that Exportin1 may play a role in Gli2 ciliary export (Fig 4e) . However, as we were unable to detect an interaction between Gli2-GFP and Exportin1, it remains to be elucidated if nuclear export directly mediates Gli2 exit from the cilium. Alternatively, Exportin1 and leptomycin B may affect the distribution of Gli2 interactors that affect Gli2 ciliary exit.
A central region of Gli2 is necessary for efficient ciliary localization
As our analyses demonstrated that the majority of Gli2 is dispensable for ciliary localization, particularly the regions that regulate Gli2 transcriptional activity, mediate interaction with Sufu, or are sites of known post-translational modifications, we searched for a region of Gli2 required for ciliary localization. Given that Gli2ΔRep-GFP, Gli2ΔAct-GFP and Gli2ΔZF-GFP reach the cilium, but Gli2-78-GFP does not, we sought a region of Gli2 required for ciliary localization outside of the activation or zinc finger domains. Specifically, to screen the remaining portions of the protein, we created a Gli2 allele that lacks the region between the zinc finger domain and the PC (amino acids 562-707), which spans the PDD (Pan and Wang, 2007) . We also created an allele that removed the region between the PC and the activation domain (amino acids 852-1183), a region previously described as a secondary activation domain (Sasaki et al., 1999 ).
Gli2Δ562-707-GFP localized to the cilium robustly (Fig 5a) . In contrast, a very small percentage of cilia displayed Gli2Δ852-1183-GFP compared to Gli2-GFP (Fig 5a, 5b) . Similarly, a smaller percentage of Gli2Δ852-1183-GFP localized to cilia in response to SAG, as compared to Gli2-GFP (Fig   1e, Fig 5b) . The fold increase in ciliary localization upon SAG treatment was not significant, indicating that steady-state levels of ciliary Gli2Δ852-1183-GFP is decreased upon pathway activation. To determine if a smaller domain mediates ciliary localization, we created Floxin alleles Gli2Δ852-940-GFP, Gli2Δ941-1044-GFP and Gli2Δ1045-1183-GFP (Supp 4a). These sub-deletions did not exhibit defective ciliary localization, however. Therefore, we renamed Gli2Δ852-1183-GFP Gli2-CLD-GFP, for "ciliary localization defective."
To assess whether the ciliary localization region participates in the ciliary localization of other Gli proteins, we deleted the homologous region of human Gli3. Similar to Gli2-CLD-GFP, Gli3Δ912-1223-GFP failed to reach the cilium (Supp 4b). To assess whether the Gli2 ciliary localization region is sufficient to direct ciliary localization, we expressed this domain fused to GFP or fused to the aminoterminal half of Ci. Ci, the Drosophila homolog of the Gli proteins, does not localize to the cilium when expressed in mammalian cells (Zeng et al., 2010) . Neither the Gli2 ciliary localization region (amino acids 852-1183) nor Ci fused to the Gli2 ciliary localization region localized to cilia, indicating that this region is not sufficient for ciliary targeting (Fig 5c) .
To ensure that the failure of Gli2-CLD-GFP to efficiently localize to cilia was not due to diminished expression, we assessed Gli2 and GFP expression, as well as protein levels by immunoblot. Gli2-CLD-GFP mRNA levels were comparable to those of wild type Gli2, and protein levels of Gli2-CLD-GFP were greater than those of wild type Gli2 (Fig 5d,5e ). The regions of Gli1 and Gli3 homologous to the To assess whether Gli2-CLD-GFP was stabilized by its failure to reach cilia, we expressed Gli2-GFP and Gli2-CLD-GFP in MEFs lacking Kif3a, a protein required for ciliogenesis (Corbit et al., 2008) . In the absence of Kif3a, Gli2-CLD-GFP protein was stabilized compared to wild type Gli2-GFP, similar to ciliated cells (Supp 4c). Levels of Gli2-GFP were also equivalent in cells with and without Kif3a (Supp 4c). Thus, amino acids 852-1183 of Gli2 promote protein turnover independent of its role in promoting ciliary localization.
The hypothesis that Gli2 localization to cilia is critical for its transcriptional activation predicts that Gli2-CLD-GFP will not activate target gene expression. Therefore, we tested the transcriptional activity of Gli2-CLD-GFP using two different cell models. In differentiated ESCs, Gli2-CLD-GFP partially suppressed the expression of Hh target genes Gli1 and Ptch1, indicating that it may act as a dominant negative (Fig 5f) . In MEFs, co-expression of Gli2-CLD-GFP with wild type Gli2 confirmed that Gli2-CLD-GFP inhibits Gli2 transcriptional activity, similar to the dominant negative activity of Gli2ΔAct, a Gli2 lacking the carboxy-terminal activator domain of Gli2 that functions as a constitutive repressor (Fig   5f) . The finding that the ciliary localization domain is also critical for Gli2 transcriptional activity suggests that ciliary localization is essential for triggering the ability of Gli transcription factors to induce target genes in response to Hh signals.
DISCUSSION
Gli2 represses or activates target genes in a Hh-responsive manner. In our study, we used the Floxin system to express GFP-tagged forms of Gli2 from the Gli2 locus in ESCs, affording a genetically tractable means of studying Gli2 subcellular dynamics expressed. Floxin allowed for systematic genetic tailoring of domains and residues, alone and in combination, to precisely test how Gli2, under its endogenous regulatory control, functions (Supp 2d). Using this approach, we identified a domain within Gli2 required for ciliary localization and transcriptional activity. These findings support a model in which the regulation of Gli2 at the primary cilium is a critical step in Gli2 activation.
A central region of Gli2 (amino acids 852-1183) is necessary, but not sufficient, for ciliary localization.
Zeng et al. identified a partially overlapping central region (amino acids 570-967) required for
overexpressed GFP-Gli2 to localize to cilia (Zeng et al., 2010 ). However, we tested the localization of Gli2Δ562-707-GFP, Gli2ΔPC-GFP (lacking amino acids 767-852) and Gli2Δ852-967-GFP using the Floxin system, and observed intact ciliary localization with all three individual deletions. Differences in our observations could be due to the different locations of the GFP fusion or differences in protein levels, as our studies examined Gli2-GFP expressed under the control of its endogenous regulatory elements, whereas Zeng et al. examined overexpressed GFP-Gli2. Alternatively, because Gli2-CLD-GFP could be detected at a very small percentage of ciliary tips, additional domains may facilitate Gli2 localization to cilia. Gli2ΔPC-GFP and Gli2ΔRep-GFP both exhibited diminished ciliary localization, suggesting that the phosphorylation cluster and the amino-terminal repressor domains may cooperate with the ciliary localization domain to promote Gli2 entry or retention to cilia.
In addition to failing reach the cilium, Gli2-CLD-GFP was more stable than wild type Gli2-GFP. To ascertain if the stabilization of Gli2 was due to its failure to reach cilia, we assessed Gli2-CLD-GFP levels in MEFs lacking Kif3a, a protein required for ciliogenesis. As Gli2-GFP and Gli2-CLD-GFP levels were unaffected by the absence of cilia, the central domain of Gli2 reduces protein stability independent of its role in ciliary localization. Two mechanisms by which this domain may destabilize Gli2 are through interaction with the E3 ubiquitin ligases Itch and SPOP. Itch recognizes proline-rich motifs within Gli1 to promote its turnover (Di Marcotullio et al., 2006) . The homologous proline-rich motifs found in Gli2 are within the ciliary localization region, and may function as Itch-dependent degrons. Similarly, SPOP, a nuclear speckle-associated protein that recruits Gli proteins to Cul3-based ubiquitin ligases, interacts with portions of the carboxy-termini of Gli2 and Gli3, and this interaction may also require the central ciliary localization region (Bhatia et al., 2006; Chen et al., 2009; Pan et al., 2006; Zhang et al., 2009 ).
Investigating whether ciliary localization is required for transcriptional activity, we found that Gli2-CLD-GFP dominantly inhibited the activation of Gli target genes in ESCs and MEFs. Unlike Smo, the requirement for cilia in Gli2 activation can be circumvented by overexpressing wild type Gli2 in both ciliated and unciliated cells (Supp 4d). Similarly, an oncogenic version of Gli2 can activate Hh targets even in the absence of cilia (Han et al., 2009; Sheng et al., 2002; Wong et al., 2009 ). Thus, our finding that Gli2-CLD inhibits Hh target gene expression is consistent with the idea that ciliary localization is required for Gli2 activation. However, the ability to circumvent the ciliary requirement through overexpression or deletion of the amino-terminal repressor domain indicates that this requirement is not absolute. It will be interesting to determine whether Hh signals induce the cilium to activate Gli2 through inhibition of its repressor domain or other mechanisms.
While the ciliary localization region of Gli2 plays critical roles in its ciliary localization and activity, other regions control other important aspects of its behavior. For example, deletion of some domains revealed that the carboxy-terminal activator domain, the amino-terminal repressor domain and a Sufubinding site each inhibit nuclear accumulation. Notably, Gli2 lacking an important Sufu-binding site, Gli2ΔSYGH, was enriched in the nucleus as compared to full length Gli2, and was destabilized, consistent with findings that loss of Sufu leads to decreased Gli2 protein levels (Chen 2009 , Wang 2010 . As SPOP and Sufu have opposing effects on Gli2 stability (Wang et al., 2010) , SPOP-mediated degradation may account for the decreased stability of Gli2ΔSYGH. Despite its destabilization, Gli2ΔSYGH retained its ability to interact with Sufu both in the cytoplasm and nucleus (Supp 3c).
Therefore, the SYGH motif is important for Sufu-mediated nuclear exclusion and stabilization of Gli2, but other sites contribute to the Sufu-Gli interaction, either directly or indirectly.
Multiple sites mediating the interaction of Gli2 with Sufu may correlate with the multiple roles Sufu plays in Gli2 regulation. In addition to stabilizing Gli proteins, Sufu inhibits their nuclear localization and suppresses their transcriptional activity (Cheng and Bishop, 2002; Merchant et al., 2004) . As Gli2ΔSYGH-GFP shows increased nuclear localization without misactivating transcription, Sufu binding through a site distinct from the SYGH motif may restrict Gli2 transcriptional activity.
Somewhat surprisingly, mutating Gli2 phosphorylation and sumoylation sites did not affect ciliary localization. As a non-sumoylatable form of Gli2 still localizes to cilia, sumoylation is dispensable for ciliary localization. Because the non-sumotylatable mutant displays increased transcriptional activity and the E2 Sumo-conjugating enzyme Ubc-9 can localize to cilia in C. elegans, it is possible that sumoylation occurs at the cilium to constrain Gli2 function in the absence of Hh pathway activation (Li et al., 2012) . It will be interesting to determine whether Hh signals activate Gli2 by inducing desumoylation of Gli2 at cilia.
We also explored the intriguing possibility that mechanisms similar to nuclear trafficking control the ciliary localization of Gli2. Deletion of three putative nuclear export signals led to a detectable increase in the intensity of ciliary GFP. Both leptomycin B and siRNA-mediated knockdown of Exportin1 recapitulated this phenotype, but we did not detect an interaction between Gli2 and Exportin1. Thus, further work is needed to elucidate whether inhibition of Exportin1 directly or indirectly regulates Gli2 ciliary exit.
Although it has been evident that cilia are required for Hh signals to modulate the activator and repressor functions of Gli transcription factors, it has not been clear whether Gli localization to cilia is essential for this regulation. The ciliary localization region that we have identified is necessary for the ciliary localization of both Gli2 and Gli3, and is also essential for Gli2 transcriptional activity. These findings are consistent with entrance into cilia being a critical and essential step in the Hh-induced activation of Gli2.
MATERIALS and METHODS
Cell lines and cell culture
Gli2 gt/+ (XG045) E14 ESC lines were obtained from BayGenomics. Cells were cultured on 0.1% gelatin in knockout DMEM (Invitrogen) supplemented with 10% FBS, glutamine, pyruvate, non-essential amino acids, β-mercaptoethanol and leukemia inhibitory factor (LIF). Floxin cell lines were grown in 150µg/ml G418. Differentiated cells in a monolayer or embryoid bodies were grown in the absence of LIF for 8 days. Smo -/-MEFs (a gift from J. Taipale) and NIH3T3 cells were cultured in DMEM H21
supplemented with 10% FBS and penicillin and streptomycin.
SAG (Enzo), a Smoothened agonist, was added to fresh media at 1µM in DMSO for 18 hours for transcriptional assays, or 1 hour for localization assays. Leptomycin B (Sigma L2913), an inhibitor of nuclear export, was used at 20nM for 90 minutes.
cDNA constructs and cloning
Gli2 exons 2-14 were amplified and cloned into the pFloxin shuttle vector, in frame with the C-terminal GFP tag. QuikChange II XL-site directed mutagenesis (Stratagene) was used to introduce specific deletions and substitutions within Gli2. All products were sequenced before electroporation or transfection.
Electroporation, selection and screening
Electroporation for Reversion and Floxin were performed as previously described (Singla et al., 2010) .
Floxin clones were selected with 150µg/ml G418 and assessed by genomic PCR and β-galactosidase activity using the Galacto-Light Plus System (Applied Biosystems).
Immunofluorescence and Microscopy
ESCs were plated on coverslips coated with poly D-lysine and 1% Matrigel. 
Integrated Density Quantification
Images were acquired by confocal microscopy using identical settings within experiments, and experiments were repeated three times. ImageJ or Fiji (NIH) was used to measure an 8x8 circular region of interest encompassing Gli2-GFP (ROI GFP ). An identical ROI was taken in an adjacent region to account for background (ROI BACK ). Integrated density readings, or pixel intensities, were measured as ROI GFP -ROI BACK and binned into four or five equal data clusters. (+) represents the lowest pixel intensity, while (++++) represents the highest pixel intensity. Statistical significance was assessed using the Chi-squared goodness of fit test.
Immunoblots and immunoprecipitation
Cells were lysed in buffer containing 50mM Tris-HCl (pH 7.4), 0.5% NP-40, 0.25% NaDoc, 150mM
NaCl and protease (Calbiochem) and phosphatase (Pierce) inhibitors. Lysates were cleared at 13.2k rpm for 10 minutes and protein concentration was quantified by Bradford assay. NE-PER Nuclear Cytoplasmic Reagent (Pierce) was used for cell fractionation assays. Detection was performed using 
Gli-luciferase reporter assays
Smo -/-MEFs were transfected with JetPrime per manufacturer's instructions. DNA was comprised of 50% construct of interest, 40% Gli-luc and 10% pRLTK control. 24 hours post-transfection, cells were starved in Optimem for 18 hours with or without SAG. Cells were assayed by Dual Luciferase Reporter Kit (Promega). Statistical significance was assessed using the unpaired Student's t-test.
Quantitative PCR
RNA was extracted from ESCs or differentiated cells using RNeasy Plus (Qiagen). cDNA synthesis was performed using First Strand cDNA Synthesis (Fermentas). Transcript levels were measured in quadruplicate using a 7300 Real-time PCR machine (Applied Biosystems) and normalized to β-actin.
Primer sequences are: βactinF 5'-CACAGCTTCTTTGCAGCTCCTT-3' and βactinR 5'-CGTCAT CCATGGCGAACTG-3'; Gli2F 5'-GCTGCACCAAGAGGTACACA-3' and Gli2R 5'-GGACATGCACATCAT TACGC-3'; Gli1F 5'GGTGCTGCCTATAGCCAGTGTCCTC-3' and Gli1R
5'-GTGCCAATCCGGTGGAG TCAGACCC-3'; and Ptch1F 5'-CTCTGGA GCAGATTTCCA AGG-3' and Ptch1R 5'-TGCCGCAGTTCTTTTG AATG-3'; gfpF 5'-CGACCACTACCAGCAGAACA-3'
and gfpR 5'-GAACTCCAGCAGGACCATGT-3'. Statistical significance was assessed using the unpaired Student's t-test or ANOVA.
In vitro sumoylation assays
In vitro sumoylation of immunoprecipitated Gli2-GFP was performed with 0.12µM E1, 4µM Ubc9 and 10µM Sumo1 in a sumoylation buffer containing 50mM Tris-HCl (pH 8.0), 100mM NaCl, 10mM
MgCl2, 2mM ATP and 2µM fresh dTT at 37C for 1.5 hours. Reactions were then resolved by 7.5% SDS PAGE and detected by immunoblot. GFP and tubulin, or immunoprecipitated with anti-GFP and immunoblotted for GFP and Sufu. Gli2
K>R-GFP protein levels are equivalent to Gli2-GFP and both can also interact with Sufu. Gli2-GFP/+ ESCs was subjected to an in vitro sumoylation assay (Lee et al., 2011) , and immunoblotted for GFP and Sufu. Gli2-GFP (black arrow) robustly interacted with Sufu. Sumoylation generated a slower migrating form (red arrow). Gli2 mutants in which lysines within putative sumoylation sites were mutated to unsumoylatable arginines were transfected into Smo -/-MEFs to assess activation of the Gliluciferase reporter. Single lysine substitutions did not alter Gli2 transcriptional activity, but multiple substitutions led to increased activity, similar to that caused by deletion of the repressor domain (Gli2ΔRep) (t-test, *=p<0.05).
Supplemental Figure 4:
The central domain contributes to Gli3 ciliary localization and turnover.
(A) GFP-tagged Gli2, Gli2Δ852-940, Gli2Δ941-1044 and Gli2Δ1045-1183 were stained for cilia (AcTub, red) and GFP (inset of individual cilium, white arrowhead). Scale bar, 5µm. Ciliary localization prevalence were compared to Gli2-GFP (WT). (B) Gli3-GFP and Gli3Δ912-1223-GFP were transfected into NIH3T3 cells and stained for cilia (AcTub, red) and GFP (green). Scale bar, 5µm.
(C) Gli3-GFP (WT) and Gli3Δ912-1223-GFP were transiently transfected into NIH3T3 cells, treated with either DMSO or SAG for 1 hour, lysates were immunoblotted for GFP and tubulin, and imaged using an Odyssey infrared system. (D) Gli2-Flag (WT) and Gli2-CLD-Flag (CLD) were expressed in Kif3a +/-(ciliated) and Kif3a -/-(unciliated) MEFs. Following treatment with either DMSO or SAG for 1 hour, the lysates were immunoblotted for Flag and tubulin, and imaged using an Odyssey infrared system.
